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SUMMARY 

This  report  discusses  the  repair  of  impact  damaged  graphite /epoxy 
composite  laminates.  Die  behaviour  of  delamination  damage  under  both 
uniaxial  and  biaxial  compressive  loading  is  examined  and  the  predictive 
capabilities  of  several  fracture  parameters  are  investigated.  Based  upon  the 
results  of  this  analysis  a  simple  repair  methodology  is  proposed  and  compared 
with  experimental  test  results. 
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1.  INTRODUCTION 

Cira|>liil(’/('|><>\y  ri)iii|>ii.sitr.s  liavr  ii).iiiy  n<lvaiitH^<'>  for  iim*  <<>  ^Iriu  tiiial  iiialcriiiU  in 
aircraft.  incluililiK  their  fornialiility.  Iiij^li  siM'cifir  >trcii.:;th  ainl  >tiiriics>,  ri'^i^laiico  In  crack- 
iiig  l>y  fatigue  l(ia<ling  and  their  iniinnnily  l<>  eurrosion.  \|>arl  fiDiii  |>iiidn<'in.!>  lighter, 
more  edicieni  >lrnrlnres.  the  n>e  of  eom|lo^ile^  ^hollld  jirovide  niore  ilnialil"  Nlineinie> 
compared  with  those  mannfactured  from  convenlioiial  ahiiniiiinm  alloys,  .\nslialian  in¬ 
terests  in  graphite/epoxy  composite  aircraft  strii<tiii<‘s  are  fo<  n.s<'d  on  the  l lirongli-life 
support  of  the  .McDoiinell-Donglas  F/A-IS  for  the  |{oyal  .\nsiralian  Air  Force.  .\  detailed 
review  of  damage  tolerance  from  llie  .Australian  point  of  view  is  given  in  [I]. 

Ciraphile/epoxy  composites,  while  having  the  above  advanlagi's.  are  prone  to  a  wide 
range  of  defects  and  damage  which  may  significantly  reiluce  residual  strength  [2-(i).  Of 
the  various  types  of  defects,  rielamiualioiis  (i.e.  single  or  midliple  internal  cracks  whose 
planes  are  parallel  to  the  surface  of  a  component)  [7-!)]  arising  in  service  are  probably 
the  most  iusirlious  because  they  can  cause  reductions  in  compressive  strength  (up  to  ().'// 
of  undamaged  strength  [lO-ll]).  and  are  rlifficult  to  delect.  Dclaminatioiis  may  ile\elop 
during  service  due  to  the  presence  of  e.xce.s.sive  interlaminar  shear  sire.s.ses  or  llirough-tlie- 
thickness  tensile  stresses  at  holes,  free  edges,  in  the  region  of  section  changes  and  bonded 
joints.  However,  the  most  important  source  of  damage  is  from  impact.  Such  damage  can 
occur  from  dropped  tools  or  from  stones  thrown  up  from  the  runway.  While  impact  can 
cause  a  significant  amount  of  delamination,  often  the  only  external  indication  is  a  very 
slight  surface  indentation  {i2,l.3j.  This  type  of  damage  is  frequently  referred  to  as  'barely 
visible  impact  damage’  (BVID).  The  problem  of  BVID  is  of  particular  concern  because 
the  damage  is  unlikely  to  be  discovered  unless  the  region  is  subjected  to  non-destructive 
inspection  (NDI),  Generally,  this  employs  ultrasonic  procedures  when  B\'lD  is  usually 
readily  detectable.  However,  unfortunately,  most  routine  NDI  is  likely  to  be  confined 
to  potential  hot  spots  such  as  critical  joints.  Frequent  full  scale  NDI  is  costly  and  time 
consuming. 

It  is  highly  desirable  that  procedures  are  available  so  that  the  possible  occurrences 
of  delamination-type  defects  are  allowed  for  in  the  design  and  certification  of  composite 
aircraft  structures  and  in  the  development  of  approaches  for  through-life  support,  to 
provide  a  rationale  for  setting  inspection  intervals,  particularly  for  highly  stressed  regions 
and  also  to  provide  repair/reject  criteria  [l4,l-5]. 

There  are  two  possible  methods  for  repairing  this  damage.  One  approach  is  to  remove 
the  damaged  region  [16-I8]  and  use  an  internally  bonded  repair.  This  is  very  effective, 
but  requires  extensive  bonding  facilities  resulting  in  a  significant  period  of  non-utilization 
of  the  component.  An  alternative  approru;h  is  to  increase  the  strength  by  reducing  the  net 
sectional  stresses.  This  can  be  achieved  by  placing  an  external  patch  over  the  damaged 
area. 

In  this  report,  two  fracture  criteria,  the  strain  energy  density  VF  proposed  by  Sih 
[19],  and  the  recent  T’*-integral  proposed  by  Atluri  [’20],  are  applied  to  the  problem 
of  a  composite  laminated  plate  with  an  impact  damaged  fB,stener  hole  repaired  with  an 
externally  bonded  patch.  Tests  that  were  conducted  to  substantiate  the  numerical  analysis 
are  also  described. 
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2. 


THE  7 '  APPROACH 


rile  frariliro  criteria  Id  he  used  in  this  stud.v  are  7'*-iiilef>ial  |)rd|K)sed  hy  Alliiri  [20] 
and  the  strain  energy  ilensily  a|>|irdarli  dev(  ld|>e<|  hy  Sili  [l!)|.  l  lie  /  ’-integral  approacli 
will  l>e  presented  first. 

rile  original  fonnulation  of  llie  ))alli-iiitlepenilenl  ./-integral,  as  )>reseiited  l>y  llice  [2  1.22]. 
is  given  l>y; 

/  =  ^  n'  -"!  -  /,«,  I  )'/.'■  ( I ) 

where  I'  is  an>  clo.-id  jiatli  siirroniidiiio  i  he  craiklip.  H|  is  tin-  coiiipiincnl  of  the  nnil 
normal  to  the  path  in  the  .i,  ilireci ion.  /,  is  the  Irac  tion  v<'<  loi  di'lini'd  as  I,  —  ii,  i' 

the  displareiiieni  vector  and  11  is  the  strain  energy  density  <lc(itieil  as: 

(/  ~  Z'l)  -  o,jiij(M  -  .l/(i)  H-  ( '|(  / .  .1/ )  (2| 

where  is  the  slifTiiess  tensor,  ./,j  and  Oij  are  relaletl  to  the  coelficients  of  thermal 

and  moisture  expansion  and  f'l  is  a  fnclion  of  teniperalnre  and  moisture. 

In  this  analysis  we  evaluate  a  modifietl  form  of  the  7-inlegral,  which  is  defined  as  T' 
[20].  an<l  where: 

T*  =  lim  /  (U'.Hi  — /,«,  i)  (:l) 

f-u  Ji, 

Here  the  path  P,  is  a  vanishingly  small  rlistance  from  the  crack  front  and  in  three 
dimensions  must  be  normal  to  the  crack  front.  An  important  characteristic  of  T*  is  that 
it  is  evaluated  near  the  crack  tip  white  the  traditional  J  is  realty  a  far  field  parameter.  In 
fatigue  crack  growth,  this  distinction  becomes  significant  since  reverse  plastic  deformation 
can  occur  upon  unloading.  Since  T*  is  evaluated  near  the  tip,  it  is  claimed  [20]  that  it  is 
able  to  account  for  the  near  tip  effects  while  J  cannot  [23].  In  elastic  analyses,  11  is  defined 
as  in  equation  2  for  both  T*  and  J.  However,  in  the  analyses  of  composite  delaminalions, 
it  is  important  to  be  able  to  account  for  local  fracture  events  along  a  three-dimensional 
crack  front.  In  elastic  analy.ses,  for  a  through-the-thickness  crack  propagating  under  Mode 
I  fracture  in  a  self-similar  fashion,  /  (  =  7’*)  is  equivalent  to  the  classical  energy  release 
rate  (7,  which  is  defined  as; 


^ 

dA  ~ 


(J) 


where  clH  is  the  change  in  potential  energy  per  unit  thickness  of  the  system  and  da  the 
increment  of  crack  length.  When  measuring  G  experimentally,  equation  4  is  often  written 
as: 


G 


P*  * 
2B  da 


(5) 


where  P  is  the  applied  load,  c  the  compliance  as  measured  by  movement  of  the  load  points, 
and  B  the  specimen  thickness.  However,  for  three-dimensional  delaminations,  the  growth 
is  usually  non  self-similar  and  therefore  equation  5  is  invalid.  Furthermore,  equations  4 
and  5  ate  global  ciuantities  and  do  not  provide  information  on  near  tip  events  such  as 


2 


local  crack  closure.  For  those  cases,  luea.suremeiils  of  compliances  do  not  yiehl  true  values 
of  the  crack  lip  energy  release  rales,  see  [->»)• 

Several  attempts  have  lieen  made  to  expand  the  derinilion  of  eneigy  release  rale  in 
e(|ualion  I  to  include  three-dimensional  crack  growth  effects  [25- '27].  These  have  resulted 
in  various  volume  integrals.  However,  in  order  to  evaluate  these  formulations  using  finite 
element  lochtiifiues.  a  prior  knowkulge  of  the  nature  of  the  crack  growth  an<l  the  shape  of 
the  crack  front  is  necessary.  I’resenlly.  these  formulations  have  l>een  applied  successfully 
oidy  to  specimens  of  simple  geometries  |2S). 

The  as.simiptioii  of  sidf-'iluilai  i  raek  growth  is  still  iidiereni  in  the  /  ■-integral  foriiiula- 
t  ion.  Alt  hough  t  Ills  assuiiipt  ioii  i■^  incur  r<-cl  for  t  hree-dimeu^iiuial  analyses  of  del  a  min  at  ion 
growth,  it  can  In'  said  that  for  points  of  maximum  crack  growth  along  the  crack  front, 
there  is  soirri'l imi's  a  'local  self-similarity  .  mi'aniug  that  locally,  the  crack  lioui  remains 
parallel.  Hence  the  /  '-integral  may  He  useful  in  identifying  points  of  maximum  mack 
growth  and  iit  estimating  the  cra<'k  initiation  loa'I.  .\t  points  othi't  than  the  positions  ,if 
loctrl  maximunt  crack  growl  li.  7'  and  other  similar  approaches  r-anuol  l.i-  said  to  give  the 
local  energy  release  rate. 

.Another  path  ilepeiident  and  energy  relatisl  paratrti'ter  has  rr'cenlly  Teen  proposed  liy 
Watanalie  [2'.l].  This  integiiil.  which  we  will  .leriole  as  11,.  is  given  Tv  the  liisi  lerrii  in 
t  he  expression  for  /  *  v  i/; 

U  ,  =  Um  /  U  .11 1  ds  I  (',) 


3.  STRAIN  ENERGY  DENSITY 

in  the  strain  ettergy  density  approach  failitre  is  asstrmerl  to  occur  when  the  availalile 
energy  rletisity  IT,,,  at  a  distance  /•„  in  froirt  of  the  delamination  in  the  direction  of 
growth  reaches  a  critical  value  IT,.  The  value  H.  is  depeinlent  lioth  on  the  values  of 
r/l'(=  <11  -f  (ss  +  (;,;i)  and  <l.\.  the  change  of  area  per  unit  area. 

For  thermomechanical  proMerits 

H'.ti  =  {T  -  To)  -  -  Mo)  -  \\  j  (7) 

where  Oij  and  li'ij  are  the  coefficients  of  thermal  and  moisture  expansion  respectively. 

As  shown  in  references  [2,31.32]  the  strain  energy  density  approach  has  certain  ad¬ 
vantages  over  the  energy  release  rate  approach.  This  relationship  between  this  criterion 
and  the  other  failure  criterion  was  discussed  in  m 

For  self-similar  growth  both  approaches  give  residual  strengths  in  good  agreement 
with  experimental  results  [9,31,32].  However,  for  non-self-similar  growth  energy  release 
rate  concepts  must  be  used  with  caution. 

It  should  be  noted  that  finite  element  studies  have  shown  that  for  delaniinalions  in: 

a)  composite  laminates, 

b)  at  step  lap  joints,  or 

c)  at  inechanically  fastened  composite  joints. 
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a  stage  is  reached  after  which  a  significant  increase  in  the  size  of  the  damage  does  not 
significantly  reduce  the  residual  strength.  This  significantly  simplifies  the  methodology 
for  estimating  critical  damage  size. 


4.  THE  FINITE  ELEMENT  MODEL 

The  proMem  chosen  for  this  comparative  analysis  is  similar  to  that  ii.-^il  in  [:V2]  as  a 
henchmark  pr<'l>lpm  to  compare  the  pre<lictive  capalulities  of  /  *  and  energy  density.  How¬ 
ever.  with  the  purchase  of  i  he  F/.'\- 18  liy  I  he  Royal  .Australian  .Airforce  (R.A.Af'),  attention 
has  l>epn  focussed  on  the  use  of  .ASI/d-'iOl-ti  rather  than  the  T.300/.o208  graphitc/epoxy 
which  was  considereil  in  (.32].  For  this  reason  the  present  investigation  will  use  the  me¬ 
chanical  properties  corresponding  to  .A.S  l/3(i0 l-G. 

1  he  proljem  considered  was  an  impact  dautaged  laminate  with  a  fastener  hole  loaded 
uinler  compression.  The  dimensions  of  the  model  are  the  same  as  tliose  nse<l  in  the 
ex|)eriinental  work  of  [3.3].  The  structure  modellerl  in  this  analysis  can  l>e  seen  in  Fig. 
1  and  the  finite  element  mesh  for  the  unrepaired  an<l  repaired  cases,  can  he  seen  in 
iletail  in  Figs.  2  and  3.  The  specimen  analysed  was  a  (O/d.o/O-j/  —  3.')/0i/ l-^/Oi/  —  lo/O)., 
.AS-1/  .3.")01-(i  graphite/epoxy  laminate  ainl  contained  a  centrally  locate<l  hole  of min 
iliameter.  surroun<le<l  liy  delamination  damage  due  to  impact  an<l  poor  drilling. 

The  elements  used  were  mostly  twenty-noded  iso- para  metric  elements  with  direction- 
ally  re<luce<l  integration  and  2  x  2  x  3  Ciaussian  t|ua<lrature  points,  with  the  3  points 
lieing  taki'ii  through  the  ply  thickness.  Detailed  description  of  the  reduced  integration 
scin'iiie  can  lie  foiiinl  in  (3  Ij.  I  he  crack  ti)>  elements  along  the  circular  <lelamination  were 
lift I'cii-uodiMl  iso-parametric  wedge  eleiiK'iits.  The  finite  element  nioilel  contained  2.711.3 
nodes,  .'iJ''  elements  ainl  had  7,(11  t  degrees  of  freeilom.  Restraints  wi'ie  applied  along  the 
unloailed  edges  so  as  to  a  dueve  various  levels  of  restraint  represmit alive  of  a  real  siruci  uri'. 

File  initial  damage  around  tile  fastener  hole  was  moilelled  as  a  ciia  ular  ilelaminal  ion 
of  railiiis  I3.7."i  mm  lielwi-en  the  secoinl  and  third  plies  (i.e,  lielwemi  the  l.‘°  and  0° 
plies)  [.32].  This  is  an  appro.ximale  simulation  of  the  initial  <lamage  where  it  was  found 
from  ultrasonic  ('-scanning  that  the  initial  d<-laminalion  was  nearly  circular  [33],  This 
assumption  is  further  verified  in  section  !t. 

The  two  plies  aliove  and  lielow  the  delaminalion  were  mo<lelled  se|iarately  with  ordi¬ 
nary  three  ilimeiisional  elements  while  the  remaining  20  pli<'s  were  modelled  niih  su|iei- 
elemeuts  with  displaceiiKMits  r  a  I  y  iiig  <  (Had  (at  iially  in  the  |o<al  iso-parametric  co-ordinale 
sVsIein.  I  he  material  propertii's  useil  are  those  <1!  \.s>  l/.l.lOI-ti  [;!")]  and  are  lalailated  in 
faille  I. 

It  is  important  that,  in  the  finite  elem<-ul  moilel.  the  faces  of  the  delaminalion  are 

prevenleil  from  overlapping  [3'2].  Otherwise,  non-physical  solutions  may  I . Iilained  B\ 

examining  the  solutions  of  the  displacements,  it  was  found  that  some  parts  of  the  delam¬ 
inated  faces  have  overlapped.  However,  unlike  earlier  work  where  a  system  of  const  taint 
e(|na(ioits  was  it.sed.  the  present  work  used  non-linear  gap  elements  1<  link  all  nodes  on 
opposing  sides  of  the  ilelaminalion  surface.  Non-linear  gap  elements  set  the  slilfnes^  of 
the  link  to  zero  unless  the  two  nodes  are  going  to  overlap.  W  hen  this  occurs  the  sliirticss 
of  the  link  is  set  to  a  large  numlier  lliereliy  slopping  the  faces  from  overlapping.  1  his 
results  in  an  iterative  solution  process  with  an  incrca.se  in  cortipnlcr  lime,  Ijiii  has  the 
ailvantage  of  Iteing  fully  automated  and  rerjuiring  no  initial  knowledge  of  the  regions  to 
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local  crack  closure.  A  compressive  load  of  150  kN  was  applied  fo  the  ends  of  the  model 
in  the  x-direction  (see  Fig.  1)  and  to  investigate  biaxial  effects,  a  tensile  load  of  either  17 
kN  or  0  kN  was  applied  in  the  y-direction. 

To  investigate  the  effect  of  repairing  the  specimen  a  12  ply  (0/ + -l-'j/O;/ —  lo/Oj^. 
laminate  was  used  as  an  externally  bonded  patch  covering  the  damaged  area.  The 
patch  contained  a  hole  to  allow  for  the  possible  insertion  of  a  fastener.  To  evaluate 
fastener/structiire  interaction  effects  the  comlitioiis  apjdied  to  the  hole  were  chose.,  to 
represent: 

1)  .'\n  open  hole. 

2)  .\n  interference  fit  fastener. 

■3)  .\  bonded  insert. 


5.  FINITE  ELEMENT  RESULTS  AND  DISCUSSION 

For  each  configuration  the  value  of  7  *  and  U  j  was  computeil  at  each  node  around 
the  crack  tip.  as  was  the  local  minimum  of  11'^, .  which  in  each  case  corresponded  to  the 
local  maximum  of  dl',  so  as  to  enable  a  comparison  of  the  three  methoils.  A  summary 
of  the  maximum  values  of  T',  11'^,  .  U't  and  the  corresponding  value  of  is  given  in 

Table  2.  The  angles,  at  which  the  respective  maxima  occur,  which  are  referred  to  as  fir 
and  d\y  are  also  shown. 

The  variations  in  the  three  fracture  parameters  around  the  crack  front  are  shnwii  in 
Tables  3  to  8  (see  Fig.  I  for  nodal  positions),  which  give  the  values  of  /  *,11,,,  and  U  , 
at  selected  points.  The  variation  in  ll„,,  is  similar  to  that  of  /*.  Flic  two  plies  above 
the  delamination  move  out  of  plane,  i.e.  crack  opening  and/or  closure.  For  all  of  the 
cases  analysed  tliis  out  of  plane  movoment  was  non-symmetric  (see  Figs,  o  and  ti).  1  his 
asymmetry  results  in  the  asymmetric  growth  of  the  clelaminalion  which  is  consistent  with 
(■-scan  and  thermal  emmission  measurements,  see  [.'Hi], 

The  results  of  this  analysis  suggest  that: 

(1)  Load  biaxiality  has  a  marked  effect  on  the  fracture  parameters  and  hence  on  the 
failure  of  structural  components.  The  fracture  parameter  7  *  is  less  affected  by- 
load  biaxiality  than  is  ir„,  and  U/. 

(2)  For  all  ca.ses  considered  the  location  of  the  maximum  values  of  both  parameters 
were  similar. 

(3)  'A'hen  the  patch  material  has  the  same  stiffness  as  the  parent  laminate  the  reduc¬ 
tions  in  7’*.  U'a„  and  ITj  can  beestimaterl  by  multiplying  the  values  corresjamding 
to  the  unrepaired  structure  with  the  .s<|Hare  < the  reduction  in  the  net  sectional 
stress.  This  infers  that  the  resUlual  strength  of  a  repaired  structural  component 
can  be  estimated  by  the  following  simple  formulae: 

Residual  Strength  (repaired) 

Residual  Strength  (unrepaireil) 

where  II  i>  the  energy  den.siiy  in  the  laminate  in  the  region  of  the  patch.  Whilst 
this  formulae  can  account  for  multiaxial  loading,  in  the  case  for  a  uniaxial  load  it 
reduces,  when  the  patch  has  the  same  effective  moduli  as  the  parent  laminate,  to 
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Residual  Strength  (repaired)  _  tr(unrepaired) 

Residual  Strength  (unrepaired)  (T(repaired) 

The  energj'  density  in  Ixith  the  repaired  and  the  unrepaired  structure  can  he 
cuinputed  fnun  a  knowledge  of  strain  gauge  results  before  and  after  repair. 

( 1)  Prohibiting  hical  bending  at  the  hole  had  an  iiisignificant  effect  oti  the  fracture 
parameters.  However,  prohibiting  in-plaiie  movement  ainl  local  l)en<ling  reduced 
7*  whilst  not  re<luring  U’,,,  ami  increasing  U'(.  This  re<birtion  in  7'  woulcl 
Correspond  to  an  inrrea.se  in  the  failure  loa<l  of  between  1 1  to  l(i'/. 

I'nlike  7*.  U',,,  was  es.sentially  unaffected  !>>'  this  restraint.  .Xs  a  result,  ex])eri- 
tiieutal  results  are  required  to  evaluate  this  effect  furthei. 

(o)  Knergy  density  theory  predicted  that  for  most  cases  ilamage  growth  would  be 
predomitiaiitly  in- plane. 


6.  COMPRESSION  TESTS 

rite  experimetilal  w<irk  focused  on  the  u.seof  an  e.xternally  boiideil  repair  to  reduce  tin- 
net  sectional  stresses,  .’static  com()ressive  tests  were c<»ndiicle<l  on  composite  specimens  to 
show  that  provided  the  global  bending  is  r  .trained,  the  increase  in  the  residual  strength 
can  be  estitnated  by  the  following  simple  tormula:- 

Residual  Strength  (repaired)  iT(unrepaireil) 

Residual  Strength  (utirepaire<l)  <T(repaired) 

I  wo  series  of  tests  were  carried  out.  The  preliminary  tests  were  aimed  at  develo|iing  a 
test  methodology  to  provide  an  acceptable  level  of  global  restraint.  The  material  used  in 
these  tests  was  cotisidereil  to  be  unacceptable,  because  of  its  inability  to  jiroviile  valid  < 
scan  results,  thereby  rendering  the  results  unacceptable.  I'he  melho<lo|ogy  developed  was 
then  Used  to  obtain  failure  loa<l/strain  data  for  unrepairetl  and  repaired  test  specimens. 

Three  impact  <lamage  sires  were  chosen.  In  each  rase  the  damage  was  anticipated  to 
lie  on  the  fli.l  or  near  the  flat  part  of  the  resi<liial  strength  versus  damage  area  ciirte  (see 
Fig.  7)  [:i7]. 


7.  SPECIMEN  FABRICATION 

rite  graphite  ejaixy  material  useil  throughout  these  tests  was  .'\S l/.I.XO l-(i.  The 
paretit  material  was  laid  up  in  sheets  of  .'tOOmm  x  '.)U0mm.  with  a  pl\  couliguratiou  of 
l(+l  o/-  lo/0^).,/!)0],. 

Beftire  the  specimens  were  cut  from  these  panels,  the  panels  were  (’-sratined  to  de¬ 
termine  the  voiil  Content  of  the  material.  Two  different  sires  of  specimens  were  cut.  I  he 
S/Iialler  s()e(  i/()e)is  were  used  to  develoj)  the  test  methodology,  whilst  the  larger  specimens 
Wi  re  usi'd  for  the  main  series  of  tests  ('ce  Fig.  S).  I  he  working  gauge  huigths  of  the  I'vo 
sizes  of  speriiiieus  were  I'.’Omm  and  .'‘Onim  respectively. 


Each  specimen  was  impacted  with  a  1/2"  diameter  ball  bearing  with  a  mass  of  1  kg 
and  from  a  height  of  1.3m.  The  impact  test  rig  can  be  seen  in  Fig.  9.  The  specimens  were 
placed  between  two  thick  steel  plates;  with  holes 

drilled  to  the  .size  of  damage  required.  The  absorberl  energ.v  'vas  calculated  by  dilTcr- 
encing  the  initial  kinetic  energy  and  the  rebound  kinetic  energy.  A  laser  located  on  the 
bottom  right  hand  side  of  the  rig  (see  Fig.  9)  was  triggered  when  the  impactor  cut  the 
beam.  The  initial  and  rebound  pulses  were  recorded  on  a  digital  oscilloscope  (NK'ObFyF 
2090  MODEI,  207).  I'lie  data  was  then  analyse<l  by  a  IIP  9810  computer  and  a  typical 
plot  of  time  versus  (listance  is  shown  in  Fig.  10. 

For  the  spocimeits  used  in  the  (jrcliiiiitutry  .-('I  of  tests,  the  hole  diameter  of  the  steel 
restraint  plates  used  in  the  impart  test  rig.  was  30mm.  For  the  main  test  series  a  range  of 
hole  diameters  used  were  namely  20mm.  30mm  and  lOmm.  A  summary  of  the  absorbed 
energies  can  be  foninl  in  Fable  9.  Fliis  lable  al.so  outlines  which  specimens  were  repaired, 
or  left  unrepaire<l  and  the  average  damage  area  created  by  the  inqjactor. 

F^ach  specimen  contained  a  (imm  diameter  centrally  locateil  hole,  simulating  a  fastener 
hole,  as  wa-s  previously  analysed.  "File  hole  was  drilled  using  a  diamon<l-lip|)ed  core  drill 
and  was  cooled  by  water,  restrained  by  a  pla.sticine  <lam. 

All  specimens  were  subjected  to  a  (.‘-scan  of  the  impacted  area.  Fhe  damage  size  can 
be  approximated  from  the  f'-scan  results;  a  typical  C'scan  is  shown  in  Fig.  1 1. 


8.  REPAIR  FABRICATION 

In  order  to  vali<late  the  simple  design  rule  previmisly  postulated  it  was  re(|uired  that 
the  effective  stiffness  and  ply  cotifiguration  of  the  jratch  be  representative  of  the  parent 
material.  'Fhe  material  used  for  the  patch  was  AS'l/3.'01-(>  and  was  1(1  [jlies  thick,  with 
a  |)ly  crmfiguration  of  [0?/  ±  lo/  q:  •lo/()j]j;.  Fhe  ends  of  the  patch  were  .scarfed  as  shown 
in  Fig.  12.  Fhe  length  of  the  patches  and  distance  to  edge  of  the  gri|)s.  for  the  two  series 
of  tests  were  .SOmtii,  lOmtii  and  190mm.  (lOmm  respectively. 

The  patches  were  bonilol  to  (he  parent  laminate  using  t  he  cold  set  ling  acrylic  adhosi\e 
Fl.E.XON  211.  Fhe  adhesive  was  chosen  for  its  shear  strength,  ease  of  application  atnl 
because  environmental  effects  were  not  an  issue  in  this  test  series. 


9.  TEST  METHODOLOGY 

Data  from  the  tests  were  accphred  in  two  ways.  For  the  preliminary  tests,  displacement 
transducers  were  bonde<l  onto  the  specimens  and  a  plot  of  load  versus  displacement  was 
obtained.  For  the  jnain  series  of  tests,  it  was  decideil  that  far  fiehl  strain  gauges  would 
produce  more  useful  data.  Fhe  gauges  show  the  average  far  field  failure  strains  and  also 
imlicate  the  extent  of  bending  in  the  specimens. 

Four  strain  gauges  were  bonded  to  each  of  the  unrepaired  specimens  as  shown  in  Fig. 
13.  whilst  each  repaired  specimen  had  two  strain  gauges  located  on  (he  patched  side  as 
also  shown  in  Fig.  13.  In  each  case  (he  gauges  were  llOmm  from  the  edge  of  the  hole. 
I  his  meant  that  both  the  repaired  and  unrepaired  specimens  hail  gauges  located  in  the 
same  position  relative  to  tlie  hole. 


It 


An  HP  9816  computer  program  was  written  to  accpiire  the  strain  readings  r.i  ..  rrr'e  of 
approximately  3  to  5  Hz.  The  program  allowed  the  technician  to  scan  the  strain  gauges  at 
particular  load  increments  or  conliimously.  After  the  test,  the  data  was  stored  on  a  flo|)i>y 
disk  such  that  it  could  he  analysed  l>v  the  laboratory ‘s  main  data  acquisition  i>rogram 
(38). 

In  order  to  achieve  the  require<l  level  of  restraint  in  the  specimen,  an  anti-buckling 
rig  ha<l  to  be  use<l.  Preliminary  tests  involvetl  the  modification  of  this  rig  until  the  final 
format  was  reached  (see  Figs.  1 1  and  lo).  The  edges  of  the  specimen  were  restrained  by 
four  bars,  with  a  further  four  cross  bars  conneclod  to  these  bars  and  the  anti-buckling 
rig.  in  order  to  provide  the  require<l  bending  restraint. 

In  the  process  of  developing  the  test  rig  it  was  noteil  that,  when  testing  the  repaired 
specimens,  severe  beniliug  occurc<l  <lue  to  the  shift  in  the  neutral  axis  due  to  the  patch. 
To  alleviate  this  probletn.  all  patched  specimens  were  teste<l  back  to  back.  I'lie  specimeiis 
were  separated  by  an  alttttiinitiiu  spacer  with  a  cut  out  region,  i.e.  a  window,  the  size  of 
the  Working  area  of  the  specituen  and  with  a  ■'imm  strip  <lown  each  side  (see  Fig.  16).  .\ 
window  was  used  so  that  local  bending  of  the  delamination  area  was  free  to  occur  (see 
.section  1).  It  was  thought  that  restraining  the  delamination  from  opening  would  result 
in  an  itttrealistic  stiffness  reading.  Two  repaired  specimens  were  then  bonded  to  either 
side  of  the  spacer  with  an  .Vraldite  epr>.\y  .  This  was  thoitght  to  aid  iti  the  load  tratisfer 
(jrocess  frottt  the  grips  to  the  specittteits.  This  test  configttralion  prevented  global  bending 
of  the  s|)erituetts  whilst  periuittittg  local  bending  of  the  <lelatitinated  region. 

.\ll  experitttenis  were  c<in<lucte<l  iit  a  500  kN  dynamic  and  6’25  kN  static  Testing 
Machitie.  The  loadiitg  rate  for  each  s|>ecimen  was  20  kN/tnin.  The  loads  and  strains  were 
recorded  continuously  in  the  prelituinary  tests  using  an  x-y  plotter.  In  the  titain  series  of 
tests  recordittg  of  the  data  was  done  at  load  increments  of  10  kX.  Cotitinuoiis  scatitting 
was  activated  at  170  k.N  for  the  unrepaired  specimens  ami  at  100  kN  for  the  re))aired 
specititetis.  .Ml  speciiitetis  were  tested  to  failure. 


10.  TEST  RESULTS  AND  DISCUSSION 


The  preliminary  tests  provi<led  valuable  information  on  various  aspects  of  composite 
cotiijiressive  testing.  The  tnost  noticeable  problem  was  the  global  bending  of  t  he  specittiens 
iti  the  test  rig.  .After  several  tuoilifications  to  the  anti-buckling  rig  global  bendittg  was 
ttiinimized.  resiiltitig  in  tests  representative  of  a  slrttctural  cotuponent  which  is  essentially 
restrained  against  out-of-plane  bendittg.  Minimal  global  bending  of  datnaged  components 
will  always  occur,  due  to  the  non-symmetric  nature  of  im|)act  datnage  in  composites. 
Flirt heriitore,  for  specimens  with  nominally  the  same  damage  area,  or  absorbed  energy, 
the  level  of  iniraply  cracking  is  unlikely  to  be  identical. 

Quality  control  in  the  titanufact ure  of  composite  material  is  another  problem  which 
was  encounlered.  .Several  of  the  panels  received  had  .significant  thicktiess  variations  re¬ 
sulting  in  resiti  rich  areas  aitd  resiti  void  areas,  barge  variations  iti  absorbed  energies  were 
seen  when  impacting  specimens  manufactured  from  this  material.  However,  even  though 
the  'bad'  material  did  not  produce  vali<l  ('-scan  results,  the  average  failure  strains  were 
t'/  higher  than  the  ‘good"  material. 


In  the  main  series  of  tests,  all  specimens,  except  two  which  exhihited  extensive'  Ik'ikI- 
ing”,  produced  load  versus  strain  curves  which  were  essentially  linear  to  failure.  The 
failure  strains  for  each  specimen  can  he  foninl  in  Talile  !).  The  failure  strains  follow  the 
asympteitic  nature  outline<l  in  ['17,10]  and  a  plot  of  resiilual  strength  versus  damage  area 
can  he  found  in  Fig.  17.  For  a  given  damage  size  the  different  forms  of  inli’riial  damage, 
due  to  impact,  were  reflecte<l  in  a  slight  variation  in  the  failure  strains,  I'he  experiments 
were  coinlucted  with  the  testing  machine  in  loa<l  control.  I  liere  was  a  time  ilelay  hefore 
the  machine  released  the  load.  This  resnlteil  in  extensive  damage  occuring  to  the  speci¬ 
mens  (see  Figs.  18  and  10).  I'he  patches  and  adhesive  hon<l  failed  after  the  failure  of  the 
parent  laminate. 

The  failure  loa<l  of  the  re()aire<l  specimen  can  he  predicted  (.see  I'ahle  0)  ii.sing  etpialitui 
7  and  recpiires  oidy  a  knowledge  of  the  nnrepaire<l  residual  strength  aitd  the  change  in 
net  sectional  stresses  due  to  patching.  The  change  in  net  sectional  stress  can  he  readily 
calculated  from  the  change  in  net  sectional  area.  Fltis  result  is  Ivelieved  to  suhstaittiate 
the  trends  predicte<l  in  the  previous  chapter  and  significantly  simplifies  the  repair  ilesign 
phih  isophy. 

It  was  shown  in  [10]  that,  a  stress  reduction  of  10*X  can  produce  a  100  fold  change 
in  life.  This  reduction  in  stress  can  easily  he  olitained  using  an  extertial  patch.  The  use 
of  an  external  patch  method  avoids  the  requirement  for  complete  rein./'al  of  the  damage 
area,  resulting  in  speedier  and  simpler  repairs  for  in-service  structural  romj>onettts. 


n.  CONCLUSIONS 

This  paper  has  presented  a  repair  metluxlologj  that  catt  he  used  as  a  ipiick  first 
approxitiiation  to  field  repairs  of  ititjiacted  damageil  cotiijiosite  strnctitres.  I'lie  use  of 
externally  hoinled  patches  has  the  advantage  of  being  easily  and  (|nickly  applicalile.  In 
certain  cases,  the  existing  iitternal  dolamination  damage  does  n<it  hate  to  he  remoied. 

The  anal.v.ses  revealed,  after  close  examination  of  the  stresses  and  cliangc  in  volume 
around  the  crack  front,  that  the  dominant  mode  of  failure  was  Mode  II.  .\s  seen  in  [lO], 
Mode  I  tests  provide  more  consistent  values  of  energy  release  rate  than  those  obtained 
from  Mode  II  tests.  This  infers  that  adilitional  research  is  re<)nired  to  fully  nmlerstand 
the  itnplications  of  delamination  failure  by  Mode  II. 

The  present  analysis  has  revealed  that  load  hiaxiality  has  a  marked  effect  on  the 
linear-elastic  fracture  parameters.  Fhis  infers  a  corresponding  effect  on  residual  strength. 
Ciiven  the  absence  of  experimental  data  an  experimental  progratn  to  verify  this  prediction 
is  necessary.  It  is  also  conjectured  that  when  using  an  externally  bonded  repair  on  thick 
supported  structures,  the  increase  in  the  residual  strength  is  ))ro))ortional  to  the  reiluction 
in  the  net  sectional  stress  provideil  that  the  repair  is  of  similar  effective  stiffness. 


*  The  patched  specimens  1  and  5  had  vastly  different  ahsorheil  energies  and  the  patches 
were  not  exactly  in  line,  thereby  inducing  extensive  liending  near  and  up  to  failure. 
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Table  1:  MECHANICAL  PROPERTIES  OE  AS4/;r)01-(i. 


^11 

(MPa) 

E,, 

(MPa) 

£•33 

(MPa) 

i  /'12 

1 

J _ 

(MPa) 

('13 

(MPa) 

('33 

(MPa) 

128,200 

13,800 

1,3,800 

na 

5.857 

5.857 

5.857 

Table  2:  Sl'MMARY  OF  T*.  U;,,..  (IV,„„r  AND  VI  , 


Case 

7’* 

1 

Of 

Predicted 

r 

muj* 

IVae 

Sir 

Predicted 

H,.e 

H, 

Predicted 

lUN 

1  0.0907 

.30* 

- 

0.00126 

0.5176 

30° 

0.0503 

-- 

2UN 

I  0.0901 

.30° 

— 

-0.00125 

0.5175 

30° 

0.0508 

3UN 

j  0.0687 

45° 

- 

-0.00118 

0.5194 

30° 

0.0648 

“ ' 

lUR 

i  0.0'171 

45° 

0.0403 

-0.00121 

0.2672 

30° 

0.2300 

0,0272 

0.0224 

2UR 

0.0470 

45° 

0.0400 

-0.00119 

0.2673 

30° 

0.2300 

0.0274 

0.0226 

3UR 

!  0.0376 

45® 

0.0305 

-0.001 13 

0.2693 

30° 

0.2.308 

0.0283 

0.0288 

IBN 

j  0.1.390 

.30° 

0.00448 

1.07.53 

30° 

— 

0.1160 

- 

2BN 

0.1390 

30° 

0.00447 

1.0732 

30° 

— 

0.1150 

- 

.3BN 

!  0.0992 

30° 

0.00.358 

1.0728 

30° 

- 

0.1720 

- 

IBR 

1  0.0669 

30° 

0.0618 

0.00290 

0.4968 

30° 

0.4779 

0.0561 

0.0516 

2BR 

1  0.0669 

30° 

0.0618 

0.00176 

0.4968 

30° 

0.4779 

0.0551 

0.0511 

.3BR 

0.0514 

.30° 

0.0441 

0.00236 

0.5025 

.30° 

0.4768 

0.0790 

0.0T64 

Case  Dfsrriplion;  I  —  Open  hole,  2  —  Iiiterferenre  Fit  Fa,steiier.  .I  —  Bontied  Insert 

U  —  l^niatcial  Load,  B  —  Biaxial  Load,  N  —  No  Repair,  R  —  Repaired. 


Table  3;  UNIAXIAL  T*  RESULTS  AROUND  THE  CRACK  FRONT, 


l*nrepaired 

Node 

Number 

Open 

Hole 

Interference 

Fit  Fastener 

Bonded 

Insert 

36 

0.0889 

0.0887 

0.0687 

•526 

0.0907 

0.0901 

0.0666 

528  j  0.0085 

0.0065 

0.0.310 

49  1  0.0358 

0.0.355 

0.0161 

531 

0.0007 

0.0013 

0,0043 

533 

0.0270 

0.0264 

0.0215 

45 

0.0334 

0,0328 

0.0258 

1  Rrpiiimi  (l*att-|t  l*V.())s  )  | 

No<lr 

Open 

Ililerfereiice 

Htnulrd 

Number 

IloI<- 

Fit  Fastener 

Insert 

.If) 

0.04T1 

0.0470 

0.0.176 

!j>6 

0.0467 

0.04C)4 

0.0:166 

.'i>8 

i  0.0076 

0.0648 

0.017!) 

i;i 

0.0  r>4 

0.012:4 

o.iKr.i 

■.:il 

0.0004 

0.04.40 

0.()()7:i 

'.'TI 

0.0157 

0.0154 

0.0122 

45 

0.0170 

0.0lf>5» 

0.01  14 

Table  4:  BIAXIAL  RESI  LTS  T*  RESl’LTS  AROIND  THE  C  RACK  FRONT. 


Table  5:  I  NIAXIAL  U  a,  RESULTS  AROI'ND  THE  CRACK  FROM  . 


l-nr^pair^d 

Node  ]  Open  [  Interference  j  Bonded 

Number  |  Hole  !  Fit  Fastener  j  Insert 


I 


1  Repaired  (  Patch  (O, +45,02, -45.0 

S  ) 

Node 

Open 

Interference 

Bonded 

Number 

Hole 

Fit  Fastener 

Insert 

196 

0.4074 

0.4076 

0.4267 

660 

0.4968 

0.4968 

0.5025 

66> 

0.3766 

0.3753 

0.3676 

664 

0.2001 

0.1998 

0.1971 

Cfi6 

0..3604 

0.3590 

0.3583 

668 

0.1992 

0.4988 

0.5029 

670 

0.4 192 

0.4193 

0.42.38 

Table  7:  UNIAXIAL  IV,  RESULTS  AROUND  THE  CRACK  FROM. 


Uii 

repaired 

Node 

Open 

Interference 

Bonded 

Number 

Hole 

Fit  Fastener 

Insert 

36 

0.0503 

0.0508 

0.0551 

526 

0.0421 

0.0432 

0.0648 

528 

0.0424 

0.0418 

0.0322 

49 

0.0472 

0.005.3 

0.(X)79 

531 

0.0112 

0.01 15 

0.0204 

533 

0.0339 

0.0334 

0.0319 

45 

0.0484 

0.0183 

0.0503 

Repaired  (Patch  (O, +45. 02, -45,0)5  ) 

Node 

Open 

Interference 

Bonded 

Number 

Hole 

Fit  Fastener 

Insert 

36 

0.0272 

0.0274 

0.0267 

526 

0.0215 

0.0283 

528 

0.0212 

0.0209 

0.0170 

49 

0.0022 

0.0041 

531 

0.0059 

0.0062 

0.0112 

533 

0.0189 

0.0186 

0.0169 

45 

0.0263 

0.0262 

0.0268 

Table  8;  BIAXIAL  RESI  LTS  U',  RESULTS  AROUND  THE  CRACK  FRONT. 

1*11  repaired 


Number 


36 

5>6 

.528 

49 

.531 

533 

45 


Interference 

1  Bonded 

Fit  Fastener 

1  Insert 

0.0496  I 
0.0467  j_ 

0.1160  I 

0.0644  [ 

0.0056  i 

0.0626  I 

0.0749 


0.0639  ; 


Re 

laired  (  Patch  (0,+-l5.02.-'ir>.0) 

S  ) 

Node 

Number 

Open 

Hole 

Interference 

Fit  Fastener 

Bonded 

Insert 

36 

0.0267 

0.0267 

0.0476 

526 

0.0231 

0.0235 

0.0790 

528 

0.0562 

0.0555 

0.0241 

49 

0.0290 

0.0285 

0.0252 

531 

0.0013 

0.0011 

0.0090 

533 

0.0321 

0.0318 

0.0247 

45 

0.0375 

0.037.3 

0.0298 

Table  9;  RESULTS  OF  STATIC  COMPRESSION  TESTS. 


Specimen 

Impactor 

Absorbed 

Damaged 

1 

Unrepaired  (U) 

Failure 

Failure 

Predicted 

Number 

Diaiurter 

Energy 

Area 

Repaired  (R) 

Load 

Strain 

Strain 

(mm) 

(■•) 

(min’) 

(kN) 

(/<( ) 

(/'O 

1 

19.8 

7.59 

453 

U 

-190.9 

-4503 

- 

2 

19.8 

7.55 

453 

u 

-213.6 

-4080 

- 

.3 

19.8 

7.96 

453 

u 

-213.1 

-4826 

- 

•1 

19.8 

5.00 

479 

R 

-238.1 

-4993* 

-6164 

5 

19.8 

8.21 

428 

R 

-2.38.1 

-4993* 

-6164 

6 

19.8 

7.84 

448 

R 

-289..3 

-6699 

-6161 

.  I _ L  _  .  1 

458 

R 

-289.3 

-6699 

-0164 

8 

.30.0 

7.46 

733 

i: 

-168.0 

-4097 

- 

9 

30.0 

6.93 

718 

V 

-191.5 

-4.375 

- 

10 

30.0 

7.88 

665 

V 

-173.2 

-4305 

_ 

11 

30.0 

7.54 

761 

u 

-195.6 

-4350 

- 

12 

30.0 

7.74 

761 

u 

-197 

-4274 

13 

30.0 

7.67 

761 

u 

-178.0 

-4025 

M 

30.0 

7.66 

800 

R 

-233.2 

-5293 

-5594 

15 

30.0 

7.35 

800 

R 

-233.2 

-529.3 

-5594 

16 

.30.0 

7.45 

739 

R 

-227.0 

-55.54 

-5594 

17 

30.0 

7.64 

704 

u  _  «  .. 

-227.0 

-5551 

-5594 

18 

39.7 

6.25 

1252 

1' 

■178.5 

■4061 

19 

39.7 

5.76 

1252 

-204.0 

-4445 

20 

39.7 

5.87 

12.52 

U 

•  180.9 

-4090 

21 

39.7 

7.83 

1385 

R 

-2.37.6 

-.53.37 

-5.542 

22 

39.7 

7.58 

1212 

R 

•2.37.6 

-5.3.37 

-5542 

23 

39.7 

7.70 

1290 

R 

-222.4 

-5099 

-5542 

2-1 

39.7 

7.59 

1120 

R 

-222.4 

-509!l 

-5.542 

Specimens  exhibited  extensive  bendinft  prior  to  failure  (anti-buckling  rig  was  distortetl) 


FIG  1 :  DAMAGED  HOLE  STRUCTURE. 


FIG  2a):  PLAN  VIEW  OF  THE  FINITE  ELEMENT  MESH. 


Delamination 


FIG  2c):  PERSPECTIVE  VIEW  OF  THE  UNREPAIRED  FINITE  ELEMENT  MESH. 


FIG  3b):  PERSPECTIVE  VIEW  OF  THE  REPAIRED  FINITE  ELEMENT  MESH. 
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FIG  4:  NODAL  POSITIONS  AROUND  CRACK  FRONT. 


Crack  front 


FIG  5a):  UNREPAIRED  STRUCTURAL  DEFORMATIONS,  SIDE  VIEW. 


FIG  5b):  UNREPAIRED  STRUCTURAL  DEFORMATIONS,  PERSPECTIVE  VIEW. 


»  ■  1 


FIG  6a);  REPAIRED  STRUCTURAL  DEFORMATIONS,  SIDE  VIEW. 


FIG  6b):  REPAIRED  STRUCTURAL  DEFORMATIONS,  PERSPECTIVE  VIEW. 


Residual  Strength  (MPa) 


Impact  Energy  (J) 


FIG  7:  TYPICAL  RESIDUAL  STRENGTH  VERSUS  IMPACT  ENERGY  CURVE  OF 
GFRP,  FROM  (37j. 


FIG  8:  EXPERIMENTAL  TEST  SPECIMENS,  SMALL  AND  LARGE  COUPONS 


FIG  9:  IMPACT  TEST  RIG 
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FIG  1 1 :  TYPICAL  C-SCAN  OF  AN  IMPACTED  AND  DRILLED  TEST 
SPECIMEN. 
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start  of 
step  out 


a)  Plan  view 


b)  Cross  section  of  step  out 


FIG  12:  PATCH  DIMENSIONS,  LAYUP  AND  PLY  STEP  OUT. 


b)  Patched 


FIG  13:  LOCATION  OF  STRAIN  GAUGES  ON  UNPATCHED  AND  PATCHED 
SPECIMENS. 


Damage  area  (mm‘) 


FIG  17:  FAILURE  STRAIN  VERSUS  DAMAGE  AREA,  PLOTTED  FROM  TEST 
RESULTS. 
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FIG  18:  TYPICAL  DAMAGE  OF  AN  UNREPAIRED  SPECIMEN. 


FIG  19:  TYPICAL  DAMAGE  OF  A  REPAIRED  SPECIMEN. 
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